Adenosine 3',5'-monophosphate (cAMP) has been shown to be involved in the control of a variety of metabolic processes in eucaryotes as well as procaryotes (15) . In an attempt to determine the physiological roles of cAMP in yeast, we isolated cyrl mutants which were deficient in adenylate cyclase activity (11) . Growth of cells carrying the cyri mutation was arrested at the Gl phase of the cell cycle in the absence of cAMP (11) . The cyri mutation was suppressed by the bcyl mutation, which resulted in the deficiency of the regulatory subunit of cAMP-dependent protein kinase and the production of a high level of a cAMPindependent one (11) . Thus, we have presented evidence that cAMP is an essential factor for yeast cells to proceed through the cell cycle via the activation of protein kinase.
It has been reported that the mammalian adenylate cyclase is composed of at least two protein components in addition to hormone receptors, neither of which was catalytically active when assayed independently (16) . One component, a thermolabile protein, was retained in membranes of a mouse S49 lymphoma clone that is phenotypically deficient in Mg2+-dependent adenylate cyclase (17) . An active adenylate cyclase is found in the plasma membrane of yeasts (4, 7 MATERIALS AND METHODS Yeast strains. Genotypes and sources of strains of Saccharomyces cerevisiae used in this experiment are listed in Table 1 .
Media. General use and composition of minimal, yeastpeptone-glucose-containing (YPGlu), and sporulation media have been described previously (10, 14) . YPGlu/cAMP medium was YPGlu medium supplemented with filter-sterilized cAMP (1 mM) where necessary. To test auxotrophic mark-* Corresponding author. ers, omission media were prepared from a basal medium of yeast nitrogen base without amino acids.
Genetic techniques. The methods used for genetic analyses have been described by Nogi et al. (14) .
Construction of tetraploids. Four haploid strains were used to construct tetraploid strains: AL224-2C (ot CYRI+ leul), AL224-4A (a CYRJ' leul), AM45-2C (a cyrl-J leul), and AM45-3B (ca cyrl-J leul). Diploids homozygous for mating type (a/a and a(/ox) were derived from regular a/a diploids by a 1-min UV light irradiation to induce mitotic recombination. Mitotic recombinants which were homozygous for a or a were scored by their ability to yield prototrophic triploids when crossed with a or at haploid strains containing complementary auxotrophic markers. Tetraploid strains were constructed by mating a/a diploids with ax/a diploids.
Preparation of enzyme samples. All experiments were carried out at 4°C. Cells were harvested by centrifugation and suspended in buffer T containing 50 mM Tris-hydrochloride buffer (pH 7.4), 1 mM EDTA, 1 mM mercaptoethanol, and 0.5 mM phenylmethylsulfonyl fluoride. The suspension obtained was homogenized with an Aminco French pressure cell (J5-598A) at 10,000 lb/in2. The resulting homogenate was centrifuged at 1,000 x g for 10 min. The supernatant fluid was used as a crude extract. The 105,000 x g precipitate was obtained by centrifugation of the crude extract at 105,000 x g for 60 min.
Preparation of plasma membrane fraction. Plasma membrane fractions were prepared by a modification of the method of Duran et al. (2) . Cells were grown in YPGlu medium (10 Adenylate cyclase assay. Adenylate cyclase was assayed as described by Uno et al. (20) . One unit of the enzyme activity was defined as the amount which produced 1 pmol of cAMP in 1 min at 30°C. cAMP assay. cAMP content was measured by using the cAMP assay kit as described by Uno et al. (20) .
Protein measurement. Protein was measured by the method of Lowry et al. (8) To test the effect of CYR]' gene dosage on adenylate cyclase activity, five tetraploid strains were constructed bearing from zero to four wild-type alleles and from four to zero cyrl-l alleles as described above. These tetraploid cells were grown in YPGlu or YPGlu/cAMP medium at 30°C, and the specific activity of adenylate cyclase in the 105,000 x g precipitate was determined. Tetraploid cells carrying no CYR] + gene produced no detectable amount of adenylate cyclase. Proportionality between specific activity of adenylate cyclase and gene dosage was very good (Fig. 1) (Table 3 ). The wild-type enzyme activity was stimulated about twofold in the presence of GTP (10 mM) or Gpp(NH)p (10 mM) but not by NaF (10 mM) or CaC12 (0.1 mM) (Table  3) . However, no adenylate cyclase activity was observed in the cyrl-J enzyme samples, even when GTP or Gpp(NH)p was supplemented ( Table 3 Complementation tests between 53 recessive mutants and the cyrl-l (AM7-11D) mutant showed that all these mutants were allelic and were classified as cyri mutants. The 53 cyri mutants thus identified were tested for susceptibility to a dominant ochre (UAA) suppressor, SUP3, as follows. The cyrl-l SUP3 strain (AM76-2C) obtained from a cross between the cyrl-J strain (AM18-SC) and the SUP3 strain (G185-7D) required cAMP for growth, indicating that SUP3 did not suppress cyrl-l. The cyrl-J SUP3 strain was crossed with each of the 53 cyrl mutants, and the resulting diploids were tested for growth on YPGlu medium. Three such diploids were able to grow on YPGlu medium. The result indicated that the cyri alleles involved in these diploids are ochre nonsense mutations; they were designated cyrl-3.
One of these nonsense mutants (AM3-4BM-31) was crossed with the wild-type strain (G211-2A). The diploid obtained was sporulated, and four-spored asci were dissected. Tetrad analysis of the diploid showed a 2+:2-segregation on YPGlu medium at 30°C in the 21 asci tested. This fact indicated that the nonsense mutant bears a single chromosomal mutation. Tetrad analysis of a diploid constructed by a cross between one of the cyrl-3 segregants (AM85-9A) from the above cross and the SUP3 strain (G185-7D) showed 2+:2-, 3+ :1-, and 4+ :0-segregations for growth on YPGlu medium in a ratio of 5:4:3. The result indicated that the cyrl-3 mutation was susceptible to the SUP3 suppressor. Two segregants from this cross, AM86-1D (cyrl-3 SUP3) and AM86-1C (wild type), were used for further analysis. When a diploid constructed by a cross between a cyrl-3 (AM88-1A) and a bcyl strain (AM87-1C) was subjected to tetrad analysis, three ascus types showing 2+:2-, 3+:1-, and 4+:0-segregations on YPGlu medium appeared in 4, 12, and 4 asci, respectively, indicating that the cyrl-3 mutation was suppressed by the bcyl mutation. One of segregants from this cross, AM89-2B (cyrl-3 bcyl), was used for further analyses.
The levels of adenylate cyclase activity and cAMP were compared among the wild type (AM86-1C), cyrl-3 (AM85-9A), cyrl-3 SUP3 (AM86-1D), and cyrl-3 bcyl (AM89-2B) ( Table 2 ). The cyrl-3 mutant cells grown in YPGlu/cAMP medium at 30°C had no detectable level of adenylate cyclase activity. The cyrl-3 SUP3 mutant cells grown in YPGlu medium at 30°C produced significant amounts of adenylate cyclase activity and cAMP, but the specific activity of adenylate cyclase found in mutant cells was about 29% of that in wild-type cells. On the other hand, the cyrl-3 bcyl mutant cells were able to grow in YPGlu medium at 30QC but produced no detectable amounts of adenylate cyclase and cAMP.
To obtain conclusive evidence that the cyrl-3 allele involves an ochre mutation, we conducted reversion experiments with strain AM91-1B (a cyrl-3 his5-2 lysJ-1 trpS48) in which all three auxotrophic markers are known to be UAA nonsense mutations (3). Cells of AM91-1B grown in YPGlu/cAMP medium were harvested, washed, and spread onto minimal medium and minimal medium supplemented with appropriate amounts of histidine and lysine (medium A), histidine and tryptophan (medium B), or lysine and tryptophan (mnedium C). After these plates were incubated at 30°C for 6 to 8 days, 44 colonies (16 from minimal medium, 6 from medium A, 18 from medium B, and 4 from medium C) were selected. It was confirmed that all of the isolated clones could grow on medium A, B, or C and also on minimal medium. The mutation was further characterized in one of the isolates, AM91-1BR-1. It was crossed with a wild-type strain (FP-1A), diploids were sporulated, and four-spored asci were dissected. Two or more spore clones showed the positive phenotypes for all of the markers in all of the asci tested. The two spore clones always showed the positive phenotypes for all of the traits in each ascus (Table 4) . These facts strongly suggest that the reversion was caused by a suppressor mutation. When AM91-1BR-1 was crossed with AM91-4B (rxcyrl-3 hisS-2 lysJ-l trpS-48), the diploid segregated two spore clones showing the positive phenotypes, whereas the other two spore clones showed the negative phenotypes for all of the traits in all asci tested (Table 4) . These results clearly indicate that the suppressor (SUP-o) is effective against all of the markers, including cyrl-3. Since the diploid is heterozygous for the suppressor and could grow on minimal medium, the suppressor is dominant over the wild-type counterpart. Since the SUP-o suppressor is effective against the UAA nonsense mutations, hisS-2, Iysl-J, and trp548, the cyrl-3 aliele is also a UAA nonsense mutation. The levels of adenylate cyclase activity and cAMP observed in a cyrl-3 SUP-o strain (AM91-lBR-1) were lower than those of the wild type, as observed in cyrl-3 SUP3 (Table 2) .
DISCUSSION
The isolation and characterization of mutations affecting a structural gene play a vital role in defining the function of the enzyme responsible for the complex physiological activity. A direct relationship betweeti gene dosage and amount of the corresponding enzyme activity is generally assumed to exist, as indicated in the structural gene loci of yeasts for galactokinase (13), tryptophanase (1) , proteinase B (21), and alkaline phosphatase (6) . We infer that cyri is the structural gene for adenylate cyclase of yeasts because (i) specific activities of adenylate cyclase in extracts of various tetraploids show a dosage effect, and (ii) temperature-sensitive cyri mutation causes thermolabile adenylate cyclase activity that is distinguishable from that of the wild type. Successful isolation of nonsense mutants at the cyri locus clearly indicates that the product of the cyri gene must be a protein. The observation of dosage effect and production of thermolabile enzyme at the cyri gene locus imply that the cyri mutations do not affect a regulatory protein for adenylate cyclase synthesis or a posttranslational modification enzyme which may activate adenylate cyclase.
It could be argued that the adenylate cyclase defect in the cyri mutant cells would be a reflection of an altered membrane structure. This is what has been found for the frost mutation (fr) of Neurospora crassa affecting adenylate cyclase activity (18) . In fr cultures, the mutant enzyme was thermolabile, and supplementation of agar medium with polysaturated fatty acids such as linolenic acid or phosphodiesterase inhibitors such as theophylline resulted in an elevated cAMP content and a wild-type-like morphology. It was suggested that the cAMP deficiency in thefr mutant resulted from a membrane defect that affected adenylate cyclase function. We consider this unlikely in the cyri mutants of yeasts, because adenylate cyclase activity found in the enzyme sample obtained from the plasma membrane fraction of the temperature-sensitive cyri mutant by Lubrol treatment was still temperature sensitive. In addition, we confirmed that the cyri mutants of yeasts did not respond to exogenous polysaturated fatty acids or phosphodiesterase inhibitors (data not shown).
Growth of cyri mutant cells was arrested at the Gl phase of the yeast cell cycle in the absence of cAMP, and it has been indicated that cAMP is an essential factor for yeast cells to proceed through the cell cycle via the activation of protein kinase (11) . On the other hand, the cyri mutations permitted the initiation of meiosis, indicating that the production of cAMP is inhibitory for the initiation of meiosis (lOa). The successful isolation of nonsense mutations at the structural gene for adenylate cyclase ensures that all these phenotypes of cryl mutants really resulted from the loss of adenylate cyclase. Of the 53 cyri mutations we isolated, 6% were ochre mutations. This frequency is comparable to frequencies found for other structural gene loci of yeasts (5, 22) .
Ross et al. (17) found that the HC-1 hepatoma cells derived from the mouse HTC line was a clonal line that was devoid of assayable catalytic adenylate cyclase activity, and AC-variants of S49 cells were deficient in the regulatory component of the enzyme. 
